Background A trans-generational influence of prenatal tobacco smoke exposure on asthma development has been proposed but the evidence remains sparse. Methods We examined the grandmother's smoking when pregnant with the mother in relation to asthma outcomes in the grandchild (current asthma at 36 months (N=53 169, cases=3013), current asthma at 7 years (N=25 394, cases=1265) and dispensed asthma medications at 7 years in the Norwegian Prescription Database (N=45 607, cases=1787)) within the Norwegian Mother and Child Cohort Study (MoBa). We calculated adjusted RR (adj. RR) and 95% CIs using log binomial regression.
INTRODUCTION
Observational studies indicate that parental smoking is positively associated with asthma development in the child. Meta-analyses summarising the evidence find that the most consistent positive association is seen for maternal smoking during pregnancy. [1] [2] [3] In concordance with these findings, exposure to maternal smoking during pregnancy is associated with decreased lung function both in childhood and adulthood. [4] [5] [6] [7] Whether there are trans-generational effects of tobacco smoke exposure is an interesting question. Trans-generational inheritance of an asthma phenotype from in utero nicotine exposure has been reported in a rat model. 8 Of the two human studies that have examined whether the grandmother's smoking when pregnant with the mother influenced asthma in the grandchild, one found a positive association while the other reported no association. 9 10 A biological plausibility exists for a transgenerational influence of prenatal tobacco smoke exposure on asthma development. Three previous studies reported that the grandmother's smoking when pregnant with the mother might increase the grandchild's birth weight. [11] [12] [13] Birth weight is also a predictor for asthma. 14 15 Differential methylation, an epigenetic alteration, has also been reproducibly observed in newborns whose mothers smoked during pregnancy. 16 Epigenetic mechanisms therefore constitute one underlying mechanisms which might explain a trans-generational effect of tobacco smoke exposure.
Given the limited human data on potential transgenerational effects of prenatal tobacco smoke exposure with asthma development, we examined the association between the grandmother's smoking when pregnant with the mother and asthma development in the grandchild using the Norwegian Mother and Child Cohort Study (MoBa) .
METHODS

Study population
MoBa is a prospective population-based pregnancy cohort. 17 18 MoBa recruited pregnant women between 1999 and 2008, at approximately 18 weeks' gestation. The participation rate was 40.6% of all invited pregnant women. Mothers could participate with more than one pregnancy, resulting in approximately 95 200 mothers and 114 500 children. All participants gave written informed consent. In May 2014, the 114 761 children participating in MoBa were linked to the Medical Birth Registry of Norway (henceforth referred to as 'birth registry') and the Norwegian Prescription Database (henceforth referred to as 'prescription registry') using unique personal identification numbers.
Children not linked to the birth registry (n=499) and children from multiple births (n=3971) were not eligible for the current study. We used information from questionnaires completed at 18 and 30 gestational weeks, and when the child was 6 months, 36 months and 7 years. 19 The Norwegian Data Inspectorate and the Regional Ethics Committee for South/East Norway approved this study. The study is reported according to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) recommendations.
Exposure
Mothers in MoBa were asked 'did your mother smoke when she was pregnant with you?' at approximately 18 gestational weeks. The response alternatives were 'yes', 'no' and 'don't know'. This information identified the grandmother's smoking when she was pregnant with the mother. Mothers further reported their own smoking habits during pregnancy at 18 gestational weeks, 30 gestational weeks and retrospectively when the child was 6 months. To evaluate whether the grandmother's smoking had an independent association with asthma development in the grandchild from maternal smoking during pregnancy, we classified the children into four mutually exclusive exposure groups: not exposed to smoking, only exposed to the grandmother's smoking, only exposed to the mother's smoking during pregnancy, and both the grandmother and the mother smoked.
Outcome
We examined two asthma outcomes based on the MoBa questionnaires and one outcome based on asthma medications as registered in the prescription registry. (1) We defined current asthma at 36 months as a 'yes' by the mother to a question about current asthma in combination with reported names of inhaled glucocorticoids and/or beta (2) agonists in an openended question of which medications the child had used during the past year. (2) Current asthma at 7 years was defined based on the mother's report that the child had experienced asthma symptoms in the past year in combination with 'yes' to a closed-ended question of whether the child had used any medications for asthma in the past year. (3) We classified a child as having redeemed asthma medications based on the prescription registry if there was at least one dispensed prescription for asthma medications in the past year when the child was 7 years in addition to a second dispensed prescription within 1 year of the first. The prescription registry classifies medications according to the Anatomical Therapeutic Chemical classification system. Medications classified as asthma medications included inhaled short-acting and long-acting β(2) agonists (R03AC), inhaled corticosteroids (R03BA), fixed-dose combinations of inhaled β(2) agonists and corticosteroids (R03AK), and leukotriene antagonists (R03DC).
Covariates/confounders
Characteristics plausibly associated with the grandmother's smoking and child asthma development were included as potential confounders. Since we did not have information concerning socioeconomic or health characteristics of the grandmother, we relied on maternal characteristics as indirect measures. Maternal age at delivery, parity ( primiparous, 1, 2 and 3 or more), education (less than high school, high school, up to 4 years of college and more than 4 years of college), yearly salary (<200 000, 200 000-400 000 and >400 000 NOK), and pre-pregnancy body mass index (BMI) (underweight, normal weight, overweight and obese; categorised according to WHO guidelines) were included as indicators of socioeconomic status/health status. Maternal asthma was included as an indicator of genetic predisposition. The child's birth weight was considered as a potential intermediate factor.
Statistical analysis
We used log binomial regression to estimate RR and 95% CIs for asthma in the grandchild related to the grandmother's smoking when pregnant with the mother. In the first multivariable regression model we adjusted for all the potential confounding factors specified (model 1), reporting adjusted RR (adj. RR) and 95% CI. We used robust cluster variance estimations to account for siblings. The second multivariable model adjusted for all factors included in model 1 in addition to maternal smoking during pregnancy (model 2). We tested for multiplicative interaction of the mother's smoking during pregnancy by including product terms in the multivariable regression analysis. Furthermore, the grandmother's and the mother's smoking was evaluated in combination, classified into four mutually exclusive exposure categories. Finally, we examined the influence of adjustment for the potential intermediate factor: the child's birth weight. In the multivariable analysis, up to 10% of observations had missing information on one or more of the covariates. To evaluate the potential influence of missing covariate information we conducted multiple imputation by chained equations, imputing a total of 20 datasets. As the results using complete case and multiple imputation were similar, we only present the measures of association from the multiple imputation analysis. The results from the complete case analysis are included in online supplementary tables S2 and S3. We used inverse probability weighting to evaluate selection bias. 20 The weights reflected the probability of having the necessary follow-up information to be included in the respective analysis among all eligible children. The statistical significance level was 5%. All analyses were conducted in STATAV.13 (Statacorp, Texas, USA).
RESULTS
Of the 110 291 eligible children, 53 169 had the follow-up information to be included in the analysis of current asthma at 36 months (figure 1). Among these 53 169 children, 41 209 had reached 7 years by 1 July 2014, out of which 25 394 children had information from the 7-year questionnaire (figure 1). These children were included in the analysis of current asthma at 7 years. A total of 45 607 children were included when evaluating children who had dispensed asthma medications at 7 years registered in the prescription registry (figure 1). Online supplementary table S1 indicates the distribution of characteristics within these three study populations.
The grandmother's smoking when pregnant with the mother was reported for 23.5% of children, while mothers of 66.9% of children reported that their mother did not smoke when pregnant with them, and for 9.6% of children the mother reported 'don't know'. Mothers who reported prenatal tobacco smoke exposure were younger, had a higher parity, lower education, lower salary, were more likely to be overweight/obese and more likely to have a history of asthma (table 1) . The birth weight of the grandchild was also slightly higher if the grandmother had smoked when she was pregnant with the mother (table 1) .
Current asthma at 36 months was reported for 5.7% of children, current asthma at 7 years for 5.1% while 4.8% had dispensed asthma medications at 7 years in the prescription registry. The grandmother's smoking when pregnant with the mother was modestly associated with asthma at 36 months, adj. RR 1.15 (95% CI 1.06 to 1.24), asthma at 7 years, adj. RR 1.21 (95% CI 1.07 to 1.37) and dispensed asthma medications in the prescription registry, adj. RR 1.15 (95% CI 1.04 to 1.26) (model 1, table 2). Maternal age, pre-pregnancy BMI and asthma explained the majority of the change from the crude associations. Further adjustment for maternal smoking during pregnancy did not change the association between the grandmother's smoking and asthma in the grandchild (model 2, table 2). Children of mothers who responded 'don't know' to the question regarding whether their mother smoked when pregnant with them had risk estimates that were positive but smaller than the exposed category for all outcomes (table 2) . There was no indication of multiplicative interaction of maternal smoking during pregnancy (all p values >0.1).
We also evaluated the grandmother's smoking when pregnant with the mother and maternal smoking when pregnant with the child in combination (table 3) . For all three asthma outcomes, exposure to the grandmother's smoking alone, or exposure to the grandmother's smoking and the mother's smoking showed a tendency for a positive association (table 3) . Notably, there was no independent statistically significant association of exposure to maternal smoking during pregnancy alone and asthma development.
The birth weight of the grandchild, which has been associated with the grandmother's smoking during pregnancy, could be on the causal pathway to asthma. Further adjustment for the grandchild's birth weight did not change the association between the grandmother's smoking when pregnant with the mother and asthma in the grandchild.
We conducted a number of sensitivity analyses. The mother's asthma status might be considered an intermediate factor. We therefore explored the multivariable analyses with and without adjustment for the mother's asthma status which indicated similar associations (see online supplementary table S4). Further multivariable adjustment for the mother's smoking status in the first 6 months of the child's life did not change the association between the grandmother's smoking and asthma in the grandchild (see online supplementary table S4, model 3). Likewise, multivariable adjustment for the father's asthma status and the father's smoking status during pregnancy and the first 6 months of the child's life also left the association unchanged (see online supplementary table S4, model 4). Furthermore, there was no difference in the associations by the child's gender (all p values for interaction >0.1). Finally, the results of the analysis using inverse probability weighting also yielded similar results. 
DISCUSSION
In this large-scale population based study, the grandmother's smoking when pregnant with the mother was positively associated with asthma in the grandchild. This positive association was independent of the mother's smoking status when pregnant with the child.
Our findings support those from the Children's Health Study in California indicating a positive association between the grandmother's smoking when pregnant with the mother and asthma in the grandchild by 5 years of age, adj. OR 2.1 (95% CI 1.4 to 3.2). 9 In contrast, the ALSPAC study showed no association between the grandmother's smoking when pregnant Model 1 adjusted for maternal age, maternal parity, maternal education, maternal salary, maternal pre-pregnancy BMI, and maternal asthma. Model 2 adjusted for maternal age, maternal parity, maternal education, maternal salary, maternal pre-pregnancy BMI, maternal asthma and maternal smoking during pregnancy. Multiple imputation of missing covariate information by chained equations conducted for all measures of association presented. There were a total of 1069 children in the analysis of asthma at 36 months, 535 children in the analysis of asthma at 7 years and 971 children in the analysis of use of asthma medication for whom we imputed missing information on the grandmother's smoking status. Furthermore, missing information on asthma status was imputed for 610 children with regard to current asthma at 36 months and 540 children with regard to current asthma at 7 years. For all other covariates, the amount of missing information that was imputed was less than 1.5%.
with the mother and asthma in the grandchild by 7 years of age, adj. OR 1.01 (95% CI 0.84 to 1.22). 10 Interestingly, the ALSPAC study found an association between the grandmother's smoking when pregnant with the father and asthma in the grandchild. 10 One potential explanation for the positive association between the grandmother's smoking and asthma in the grandchild are trans-generational epigenetic changes. Evidence from one human study supports a link between prenatal smoke exposure, DNA methylation changes and asthma-related lung function. 21 Furthermore, there are some animal data that epigenetic changes due to prenatal smoke exposure might be inherited by second-generation offspring with potential consequences for an asthma-related phenotype. 22 In MoBa, we have previously shown that maternal smoking during pregnancy influences cord blood DNA methylation. 16 However, we did not find that the grandmother's smoking when pregnant with the mother was associated with cord blood DNA methylation in the grandchild at loci associated with maternal smoking during pregnancy. 23 This does not exclude the possibility that the grandmother's smoking is associated with DNA methylation in the grandchild in other areas of the genome.
Another explanation for the association between the grandmother's smoking and asthma in the grandchild is through the lower birth weight in mothers born to smokers 24 25 which is positively associated with BMI during adulthood. 26 27 Maternal pre-pregnancy BMI is positively associated with asthma in the offspring. [28] [29] [30] In the current study, an association between the grandmother's smoking and asthma in the grandchild remained after adjustment for the mother's pre-pregnancy BMI. Three previous studies reported that the grandmother's smoking when pregnant with the mother might increase the grandchild's birth weight. [11] [12] [13] Low birth weight increases the risk of asthma. 14 15 Whether there might exist a nonlinear association between birth weight and asthma development, with higher birth weight also constituting a risk factor, is less clear. Adjustment for the grandchild's birth weight did not change the observed associations. The association between the grandmother's smoking and the grandchild's birth weight might be differential by the grandchild's gender. 11 This would have rendered our evaluation of mediation by the grandchild's birth weight invalid. However, we found no indication of a differential association between the grandmother's smoking and the grandchild's birth weight by gender in MoBa.
The observed association between the grandmother's smoking and asthma in the grandchild could reflect unmeasured confounding by the grandmother's socioeconomic status, lifestyle factors or asthma status. The ALSPAC study, which adjusted for direct measures of the grandmother's socioeconomic status, reported no association between the grandmother's smoking when pregnant with the mother and asthma in the grandchild. The modest positive association between maternal smoking during pregnancy and asthma in the offspring observed in the crude analyses in the current study was attenuated and became non-significant after multivariable adjustment. This might support the notion that the positive association between the grandmother's smoking and asthma in the offspring is influenced by unmeasured confounding.
The current study has additional limitations. Relying on maternal reports of their own in utero tobacco smoke exposure might have resulted in misclassification. If mothers are underreporting their exposure, this could have attenuated the observed associations towards the null. In contrast, if mothers who smoke themselves are more likely to report their own prenatal tobacco smoke exposure, such a differential misclassification could have biased the associations either towards or away from the null. A large validation study using the US Nurses' Health Study indicated that the adult daughter's report of her mother's smoking prenatally and during childhood had a high validity. 31 Furthermore, the reproducibility of the mother's report that her mother smoked when pregnant with her has been evaluated among mothers who participated with more than one pregnancy in MoBa, yielding a kappa statistic of 0.80. 32 Maternal selfreport of her own smoking during pregnancy in MoBa compared with cotinine levels measured at around 18 gestational weeks shows a high degree of validity. 33 Using maternal report of the child's asthma status might also have resulted in misclassification. However, in MoBa, maternal report that the child used asthma medications during the past year on the 7 years questionnaire compared well with dispensed asthma medication in Table 3 Association of the grandmother's and the mother's smoking during pregnancy with asthma development in the grandchild Outcome Exposure n, total n, cases Crude RR (95% CI) Adj. RR (95% CI)* the prescription registry. 34 The prevalence of current asthma at 36 months and 7 years in MoBa was relatively low compared with estimates from the Environment and Childhood Asthma Study in Oslo. 35 This could be due to the fairly stringent asthma definition used in the current study and/or due to different background characteristics.
A selection bias might have occurred due to the initial participation rate. Comparing MoBa participants with all pregnant women who gave birth during the MoBa inclusion period as registered in the birth registry indicated that MoBa participants were older, less likely to be single, less likely to have more than two previous deliveries and less likely to smoke. 18 However, these differences were not found to influence a number of exposure outcome associations. 18 Overall, we do not think that the initial participation rate is a strong source of selection bias. However, this could influence the generalisability of our results. The current study further required information from a large number of follow-up questionnaires. We were able to evaluate selection bias to some degree at age 7 by using the prescription registry as an additional outcome. Reassuringly, we saw similar association of the grandmother's smoking with asthma at 7 years in the grandchild classified based on questionnaire data and classified based on the prescription registry (table 2) . Furthermore, the analysis using inverse probability weighting to make the study sample more representatives of all eligible MoBa participants gave similar results.
In contrast to the Children's Health Study, we did not find an independent positive association of maternal smoking during pregnancy with asthma development. 9 There are some potential explanations for this finding. The Norwegian government banned smoking from all public buildings in 2004. Furthermore, the Norwegian Health Directorate has conducted multiple health awareness campaigns during the MoBa enrolment period targeted at getting pregnant women to stop smoking. The proportion of women who smoke during pregnancy has gone down during the MoBa enrolment period. It is possible that the low proportion of smokers in MoBa compared with earlier studies (13-38% of mothers smoked during pregnancy in a pooled analysis of eight European birth cohorts) or the moderate smoking among daily smokers (average of seven cigarettes per day) attenuated the power to detect an association between maternal smoking during pregnancy and asthma seen in other studies. 2 In conclusion, the grandmother's smoking when pregnant with the mother increased the risk of asthma in the grandchild independent of the mother's smoking status. However, given limited information on the grandmother's socioeconomic status, asthma status and other factors, unmeasured confounding may be present.
